tivation of P2X receptors by a Ca 2ϩ -and soluble N-ethylmaleimidesensitive factor attachment protein receptor (SNARE) protein-dependent release of ATP was measured using patch-clamp recordings from dissociated guinea pig stellate neurons. Asynchronous transient inward currents (ASTICs) were activated by depolarization or treatment with the Ca 2ϩ ionophore ionomycin (1.5 and 3 M). During superfusion with a HEPES-buffered salt solution containing 2.5 mM Ca 2ϩ , depolarizing voltage steps (Ϫ60 to 0 mV, 500 ms) evoked ASTICs on the decaying phase of a larger, transient inward current. Equimolar substitution of Ba 2ϩ for Ca 2ϩ augmented the postdepolarization frequency of ASTICs, while eliminating the larger transient current. Perfusion with an ionomycin-containing solution elicited a sustained activation of ASTICs, allowing quantitative analysis over a range of holding potentials. Under these conditions, increasing extracellular [Ca 2ϩ ] to 5 mM increased ASTIC frequency, whereas no events were observed following replacement of Ca 2ϩ with Mg 2ϩ , demonstrating a Ca 2ϩ requirement. ASTICs were Na ϩ dependent, inwardly rectifying, and reversed near 0 mV. Treatment with the nonselective purinergic receptor antagonist pyridoxal phosphate-6-azophenyl-2Ј,4Ј-disulfonic acid (PPADS) (10 M) blocked all events under both conditions, whereas the ganglionic nicotinic antagonist hexamethonium (100 M and 1 mM) had no effect. PPADS also blocked the macroscopic inward current evoked by exogenously applied ATP (300 M). The presence of botulinum neurotoxin E (BoNT/E) in the whole-cell recording electrode significantly attenuated the ionomycin-induced ASTIC activity, whereas phorbol ester treatment potentiated this activity. These results suggest that ASTICs are mediated by vesicular release of ATP and activation of P2X receptors. sympathetic; purinergic; neurotransmission; phorbol ester; botulinum toxin IN ADDITION to its role as a major source of energy, ATP can serve as a neurotransmitter within the mammalian nervous system (9, 28, 39). Release of ATP from central and peripheral nerve terminals requires Ca 2ϩ influx (4, 48, 53) . Once released, the ATP is susceptible to rapid hydrolysis by extracellular enzymes known as ecto-ATPases. Postsynaptic metabotropic (P2Y) and ionotropic (P2X) receptors have high affinity for ATP and transduce the nucleotide release to an intracellular signal.
IN ADDITION to its role as a major source of energy, ATP can serve as a neurotransmitter within the mammalian nervous system (9, 28, 39) . Release of ATP from central and peripheral nerve terminals requires Ca 2ϩ influx (4, 48, 53) . Once released, the ATP is susceptible to rapid hydrolysis by extracellular enzymes known as ecto-ATPases. Postsynaptic metabotropic (P2Y) and ionotropic (P2X) receptors have high affinity for ATP and transduce the nucleotide release to an intracellular signal.
The P2X receptors mediate fast synaptic transmission by ATP (17, 40, 47) . These ligand-gated ion channels are cationselective, with almost equal permeability to Na ϩ and K ϩ , and have significant permeability to Ca 2ϩ (3, 28) . The inward current, resulting from direct activation of the channel by ATP, depolarizes the postsynaptic membrane. Ca 2ϩ influx through the channel can also activate intracellular signaling cascades with longer lasting effects (16) .
ATP appears to be an important signaling molecule within the sympathetic nervous system. In the guinea pig, postganglionic sympathetic fibers innervating intestinal arterioles solely use ATP as a transmitter (18) . Sympathetic stimulation of the vas deferens is significantly compromised in mice lacking P2X 1 receptors (38) . P2X receptors are also expressed within sympathetic ganglia, where ATP signaling may play a role in ganglionic transmission. In the rat, stimulation of preganglionic fibers of the superior cervical ganglia (SCG) releases ATP within the ganglia (55) , where P2X receptors are expressed (14, 29) . Guinea pig SCG have also been shown to express P2X receptors (58) . In culture, guinea pig coeliac and stellate ganglion neurons can utilize ATP as a neurotransmitter (17, 26) . Sympathetic fibers from the stellate ganglia innervate the heart. In coculture with ventricular myocytes, the stellate neurons provide purinergic tone to the cardiac myocytes (26) . An aberrant release of ATP from sympathetic nerve fibers at dorsal root ganglia has been suggested to play a role in the sympathetic augmentation of neuropathic pain (59) .
Purinergic neurotransmission has been investigated in an array of experimental preparations, after first being described using tissue whole-mount preparations of the sympathetic neuroeffector junction (12) . The use of extracellular recording and calcium imaging techniques with these preparations has provided the first descriptions of the quantal-like nature of ATP release from single sympathetic varicosities (5, 6, 10, 31) . Recently, cultured chromaffin and PC12 cells have been used to study ATP release (19, 25) . A more detailed analysis of the molecules involved in the compartmentalization and release of ATP is needed to more fully understand its role as a neurotransmitter.
During earlier studies designed to examine the role of calcium-induced calcium release in the regulation of action potential generation in guinea pig stellate neurons (35), we frequently observed spontaneous transient inward currents. Here we provide a characterization of these events after establishing conditions under which they could readily be observed. We demonstrate that the asynchronous small transient inward currents (ASTICs) were mediated by an exocytotic release of ATP and autologous activation of P2X receptors. This is the first direct physiological data to demonstrate that ATP release from sympathetic neurons can be inhibited by botulinum neurotoxins and potentiated by phorbol esters. Our results indicate that these cells may be a useful system to study the regulation of purinergic neurotransmission.
MATERIALS AND METHODS
Ganglion dissection and cell culture. Stellate ganglia were removed from Hartley guinea pigs (either sex; 250 -300 g) using procedures approved by the University of Vermont Institutional Animal Care and Use Committee. These procedures are in accordance with the guidelines established by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize the number of animals used and their suffering.
Guinea pigs were euthanized by halothane overdose and were exsanguinated. The right and left stellate ganglia were exposed rostral to the first rib, removed, and placed in a bubbled Krebs solution containing (in mM) 120.9 NaCl, 5.9 KCl, 25 NaHCO 3, 1.2 NaH2PO4, 2.5 CaCl 2, 1.2 MgCl2, and 11 glucose (bubbled with 95% O2-5% CO2). The isolated ganglia were pinned to the Sylgard-184 (Dow Corning, Midland, MI) floor of a 35-mm petri dish for removal of the encapsulating connective tissue. The ganglia were minced and enzy- matically dissociated in 2 ml of a low-Ca 2ϩ HEPES-buffered salt solution containing 121 mM NaCl, 5.9 mM KCl, 26 mM Na-HEPES, 1.2 mM MgCl 2, 0.1 mM CaCl2, 8 mM glucose, 3 mg/ml trypsin type XII-S (11,500 BAE units/mg; Sigma-Aldrich, St. Louis, MO), and 10 mg/ml collagenase A (0.25 U/mg; Roche Molecular Biochemicals, Indianapolis, IN). The solution was mixed on a nutator (BD, Franklin Lakes, NJ) in a 37°C incubator with an atmosphere of 5% CO 2-95% air for 1 h. Immediately following the incubation period, the tissue was transferred to 1 ml of "wash" solution for 10 min to quench enzyme activity. The wash solution contained Eagle's MEM (M7278; Sigma-Aldrich) plus 10% FCS, 0.1% BSA, 0.1 mg/ml pyruvic acid, 1 mg/ml DNase, 200 U/ml penicillin, 0.2 mg/ml streptomycin, and 0.2 mg/ml gentamicin. Tissue was then transferred to 1 ml of the lowCa 2ϩ HEPES-buffered Krebs and gently triturated to break up the remaining tissue fragments. The solution was serially diluted (1:10) into multiple tubes. Tubes were centrifuged at 100 g for 5 min. The supernatant was discarded, and the remaining pellet was resuspended in a growth medium containing MEM, 2.5 mM CaCl2, 8 mM glucose, 1 mg/ml DNase, 200 U/ml penicillin, 0.2 mg/ml streptomycin, and 0.2 mg/ml gentamicin. Dissociated neurons were seeded on glass coverslips (15 mm; Fisher Scientific, Hampton, NH) and stored in the incubator. The growth medium was replaced after 24 h and supplemented with 10% FCS and 0.1% BSA. Neurons were maintained in primary culture for 24 -48 h and were identified by morphological and electrophysiological characteristics.
Electrophysiological recordings. Recordings were made from neurons 24 -48 h after dissociation. All experiments were conducted at 32°C with the temperature maintained by a thermostatically controlled in-line heater (Warner Instruments, Hamden, CT). Whole-cell currents were recorded under voltage-clamp conditions using the perforated patch configuration of the patch-clamp recording technique. Cells were superfused with a HEPES-buffered salt solution (extracellular solution) composed of (in mM) 121 NaCl, 26 Na-HEPES, 5.9 KCl, 1.2 MgCl 2, and either 2.5 CaCl2, or 2.5 BaCl2 (pH 7.36 -7.40). TTX (300 nM) was added to block voltage-dependent Na ϩ channels. Unless otherwise noted, patch pipettes were backfilled with a CsAsp/ CsCl recording solution containing 140 mM aspartic acid, 30 mM CsCl, 10 mM HEPES, 5 mM MgCl2, and 0.2 mg/ml amphotericin B (pH 7.15-7.20 with CsOH). Cesium was added to the pipette solution to block voltage-dependent K ϩ currents. Pipette resistances were 3-5 M⍀ when pipettes were filled with the recording solution, and the electrode shanks were coated with dental wax to reduce electrode capacitance.
To determine whether ASTICs were SNARE protein-dependent, standard whole-cell recordings were made with botulinus type E derivative neurotoxin (BoNT/E) added to the recording solution. BoNT/E was proteolytically activated by incubating 50 l of BoNT/E (1 mg/ml; Wako Chemicals) with 175 l of bovine pancreatic trypsin (0.3 mg/ml, TPCK treated; Sigma-Aldrich, T1426) in 30 mM HEPES (pH 6.75) at 37°C for 30 min. After incubation, 50 l leupeptin (3 mM; Sigma-Aldrich, L2023) was added to inhibit trypsin. The BoNT/E solution was diluted with 750 l of the whole-cell recording solution containing (in mM) 140 cesium aspartate, 30 CsCl, 5 MgCl 2, 0.4 NaGTP, 3 MgATP, 3 phosphocreatine, 5 EGTA, and 10 HEPESCsOH (pH 7.18). Control electrodes contained equivalent amounts of trypsin and leupeptin with no BoNT/E.
Voltage commands were applied and currents were recorded using the Axopatch 200B amplifier coupled with the pCLAMP software (version 8.2) and the Digidata 1322A acquisition board (Axon Instruments, Union City, CA). The analog signal was filtered with a low-pass Bessel filter (2 kHz) and digitized at a sampling rate of 20 kHz for storage on the hard drive of a personal computer. ASTICs were analyzed with the Mini Analysis Program (version 5.6; Synaptosoft, Decatur, GA). Only events with amplitudes Ͼ2 times the baseline root-mean-square noise level are included in the analysis. Liquid-junction potentials existed between intracellular and extracellular solutions. The reported membrane potentials have not been corrected for these potentials. When extracellular solutions were changed, the alteration in potential was less than Ϫ10 mV (pipette negative; Junction Potential calculator, pCLAMP software suite).
PMA, 4␣-PMA, ionomycin, and pyridoxal phosphate-6-azophenyl-2Ј,4Ј-disulfonic acid (PPADS) (all purchased from Sigma-Aldrich) were added to the extracellular solution, and were applied by superfusion. ATP, adenosine 5Ј-(␣,␤-methylene) diphosphate (␣,␤-meATP), and adenosine 5Ј-[␥-thio]triphosphate (ATP-␥-S) (all at 300 M; Sigma-Aldrich) were applied by local pressure application (Picospritzer; General Valve, Fairfield, NJ) through a ϳ5-m-diameter "puffer" pipette positioned 50 -100 m from the neuron.
Data analysis. Data are reported as means Ϯ SE. Comparisons between means were made using either a paired or unpaired two-tailed t-test as appropriate. Statistical analysis was done using GraphPad Prism software (version 3.0; San Diego, CA). Differences were considered significant at P Ͻ 0.05.
RESULTS
ASTICs evoked in dissociated stellate neurons using two protocols. Successfully patched cells were held at Ϫ60 mV, a value of membrane potential near the reported resting membrane potential of guinea pig sympathetic neurons (13, 24) . Membrane currents were activated by 500-ms depolarizing voltage steps from the holding potential to 0 mV. In extracellular solution containing Ca 2ϩ (2.5 mM), a large, rapidly decaying inward current was recorded concurrent with the depolarizing voltage step (Fig. 1A ). ASTICs were observed at the offset of the depolarizing step, superimposed on a large, slowly decaying inward tail current (Fig. 1A, inset) . Equimolar replacement of extracellular Ca 2ϩ with Ba 2ϩ , a divalent cation with greater permeability through voltage-dependent Ca 2ϩ channels, increased the amplitude and duration of the depolarization-activated inward current (Fig. 1B) . In Ba 2ϩ , no tail current was recorded; however, subsequent ASTIC activity was greatly enhanced (Fig. 1B, inset) with activity lasting 25 to 130 s (Fig. 1C) (Fig. 1D) . 
ASTICs could also be evoked without depolarizing steps by exposing cells to the Ca 2ϩ ionophore ionomycin (n ϭ 14; Fig.  1E ). In Ca 2ϩ -containing extracellular solution, few if any transient inward currents were observed at the holding potential of Ϫ60 mV before switching to solution containing either 1.5 or 3 M ionomycin. In ionomycin, ASTIC activity increased gradually following a brief delay (ϳ2 min). Once initiated, the frequency of events reached a steady state after ϳ2 min. ASTIC activity terminated quickly following superfusion with ionomycin-free extracellular solution to wash out the ionophore. Increasing the extracellular concentration of Ca 2ϩ from 2.5 to 5 mM during continuous exposure to ionomycin greatly increased ASTIC frequency (n ϭ 4) (Fig. 1E) , and superfusion with solution, in which 2.5 mM Ca 2ϩ was replaced by equimolar Mg 2ϩ reversibly inhibited ASTIC activity (n ϭ 3) (Fig. 1F) . Both observations demonstrated a requirement for Ca 2ϩ influx in ASTIC generation.
ASTICs evoked by Ba 2ϩ depolarization or ionomycin treatment are identical. In Ba 2ϩ , immediately following depolarization, ASTICs occurred at such a high rate that events were superimposed, creating macroscopic currents. As the frequency declined, individual "quantal-like" events were observed. These discrete, quantal-like events were analyzed. Three to four depolarizing steps from Ϫ60 to 0 mV were given in Ba 2ϩ to each of 23 cells to evoke an average of 88 Ϯ 17 events per cell. In comparison, ionomycin treatment yielded a steady, high frequency of discrete events. The concentration of ionomycin (1.5 or 3 M) was adjusted to yield the greatest number of events for a single cell. An average of 187 Ϯ 35 events were evoked during a 5-to 10-min treatment with the calcium ionophore during continuous recording at Ϫ60 mV (n ϭ 14). The analysis of ASTIC amplitudes and decay times for a single cell in ionomycin is shown in Fig. 2, A-D . The mean amplitude of events elicited by depolarization in Ba 2ϩ solution was Ϫ108 Ϯ 15 pA, and Ϫ88 Ϯ 11 pA for those evoked by ionomycin in Ca 2ϩ solution (Fig. 2E) . The mean ASTIC amplitudes were not statistically different (P ϭ 0.49). The frequency distribution of event amplitudes, determined for cells with Ͼ60 events (9 in ionomycin, 19 in Ba 2ϩ ), was skewed. The example shown in Fig. 2B is for a single cell in ionomycin that is representative of the population distribution observed in all cells. Currents Ͻ50 pA occurred with the highest frequency while currents 10-fold greater were also observed.
The falling phase of the inward currents was fit to a single exponential function (Fig. 2A) . The decay time constant () of the current was similar for ASTICs evoked in either Ba 2ϩ or ionomycin. At Ϫ60 mV, ϭ 22 Ϯ 2.2 ms in Ba 2ϩ and 17 Ϯ 1.4 ms in ionomycin (P ϭ 0.26, Fig. 2F ). The frequency of was normally distributed (Fig. 2C) , and for ASTICs evoked with either stimulation method, was independent of current amplitude (Fig. 2D) .
ASTIC peak current-voltage relation is inwardly rectifying. ASTICs exhibited inward rectification at hyperpolarized potentials. The relationship between holding potential and current amplitude is shown in Fig. 3A . In all cells held at 0 mV, no ASTICs were observed, suggesting that the reversal potential was near zero. Outward currents were only observed in 3 of 10 cells tested at holding potentials Ͼ0 mV. These cells showed more robust current intensity overall. In all cells, events recorded at Ϫ60 and Ϫ90 mV were readily visible and easily analyzed given the low noise and relatively large current amplitude. In contrast, currents recorded at more depolarized potentials were harder to resolve because of the low signal-tonoise ratio. During analysis, if no events exceeded the threshold (see MATERIALS AND METHODS) at a given potential, the current amplitude was recorded as 0 pA. The current amplitudes may therefore be underestimated at positive potentials.
ASTICs generated by activation of a nonselective cation conductance. To determine the ionic nature of the transient inward currents, substitutions were made to the recording solutions, and events were evoked by depolarizing steps in Ba . A reversal potential of ϳ0 mV suggested that ASTICs were generated by activation of a nonselective cation conductance. To test this possibility, N-methyl-D-glucamine ϩ , an organic cation, was substituted for Na ϩ in the extracellular solution. ASTIC amplitudes were significantly attenuated by superfusion with the Na ϩ -free solution (Fig. 3B) . In two of four cells tested, no events were detectable at Ϫ60 mV following the depolarizing step; thus most of the inward current was eliminated by removal of extracellular Na ϩ . However, very small inward currents occasionally remained. Therefore, we tested whether activation of a Cl Ϫ current might also contribute to ASTIC generation. Shifting the Cl Ϫ equilibrium potential to a more negative value (E Cl Ϫ ϭ Ϫ70 mV), by decreasing the CsCl concentration in the pipette solution, had no effect on ASTIC amplitudes (n ϭ 4, Fig. 3C ). Increasing the Cl Ϫ concentration to 130 mM in the recording electrode (E Cl Ϫ ϭ 0 mV) also caused no change in ASTIC amplitude (n ϭ 4, Fig.  3C ), although noticeable swelling of the patched neuron was observed while holding the neuron at Ϫ60 mV.
PPADS but not hexamethonium blocked ASTICs. The rapid onset, small amplitude, and exponential decay of the ASTICs was reminiscent of spontaneous excitatory synaptic currents. To determine whether the evoked currents were receptor mediated, the effect of ligand-gated ion channel antagonists was tested. Treatment with hexamethonium (100 M and 1 mM), a ganglionic nicotinic antagonist, had no effect on the characteristics of ASTICs elicited by either depolarizing voltage steps in Ba 2ϩ or treatment with ionomycin (n ϭ 3, Fig. 4, A and C) . In contrast, PPADS (10 M), a purinergic antagonist (30, 33) , completely inhibited all activity under the same conditions, suggesting all events were P2X receptor mediated (Fig. 4,  B-D) . During ionomycin treatment, PPADS slowly reduced ASTIC amplitudes until all activity was blocked after ϳ2 min of treatment. The inhibition by PPADS was partially reversed following washout of PPADS with control solution (Fig. 4D) .
To confirm that the dissociated stellate neurons responded to purinergic activation, ATP and two nonhydrolyzable ATP analogs (␣,␤,-meATP and ATP-␥-S) were applied to isolated neurons by pressure application (Fig. 5) . Puffer pipettes were backfilled with 300 M ATP or an ATP analog, and the drug solutions were applied at close proximity (within 100 m) by pressure ejection onto the patched cells. All agonists evoked large, transient inward currents in each cell tested (n ϭ 8 for ATP, 5 for ␣,␤-meATP, 2 for ATP-␥-S). Repetitive application of ATP produced equivalent responses. Increasing the duration of the pressure pulse increased the amplitude of the response. Ten minutes of PPADS (10 M) application completely blocked the ATP response (Fig. 5B) .
BoNT/E significantly reduced ASTIC activity. To investigate whether ASTICs were mediated by vesicular release of ATP, cells were directly loaded with BoNT/E via the patch pipette. The protocol for obtaining ASTICs was the same for both control and BoNT/E-treated cells. Patch pipettes were dipped in the standard filling solution and then backfilled with either the BoNT/E solution or the control solution. The membrane patch was ruptured 5 min after obtaining a gigaohm seal, and 10 min of baseline recording was made before switching to an extracellular solution containing ionomycin (1.5 M). The cells were superfused with ionomycin for 10 min, washed with control solution for 10 min, and then treated with ionomycin for a second 10-min period. The total number of ASTICs recorded during each period in ionomycin with both control and BoNT/E electrodes is shown in Fig. 6 . The effect of BoNT/E treatment was evidenced by a significant reduction in the number of ASTICs recorded during ionomycin treatment. An average of 185 Ϯ 56 events were recorded with the control electrode solution during the first treatment with ionomycin (n ϭ 6) vs. 47 Ϯ 21 events in the BoNT/E-treated cells (n ϭ 6, P ϭ 0.04). Fewer events were recorded during the second application of ionomycin: 55 Ϯ 18 (n ϭ 6) from control and as few as 2 Ϯ 1 (n ϭ 6, P ϭ 0.02) from the BoNT/E-treated cells.
While the number of events was significantly reduced, ASTIC amplitudes were unaffected by BoNT/E treatment (Fig.  6B) . During the first ionomycin treatment period, the peak ASTIC amplitude averaged Ϫ43 Ϯ 16 pA in control cells vs. Ϫ54 Ϯ 22 pA in the BoNT/E treated-cells (P ϭ 0.36). Too few events were recorded from the BoNT/E-treated cells during the second ionomycin exposure period to calculate a mean value. For the control cells, ASTIC amplitudes did not differ between the first (Ϫ43 Ϯ 16 pA) and second (Ϫ44 Ϯ 19 pA) treatment periods.
Phorbol esters increase ASTIC activity in ionomycin. Phorbol esters can enhance synaptic transmission (36) . To test whether the phorbol ester PMA could modulate ATP release from the cultured stellate neurons, either PMA or its inactive analog 4␣-PMA was added to the extracellular superfusate (both at 1 M). In the presence of ionomycin (1.5 M), PMA significantly increased ASTIC frequency ( Fig. 7C ; P ϭ 0.003, n ϭ 5). A representative experiment is shown in Fig. 7A . Ionomycin was applied alone for ϳ5 min before application of PMA. The inactive PMA analog, 4␣-PMA, did not have an effect on ASTIC activity (Fig. 7, B and C; n ϭ 5,) . Neither drug affected the mean amplitude of the events (Fig. 7D) .
DISCUSSION
In the present study we demonstrate that the ASTICs observed in dissociated guinea pig stellate neurons are mediated by the regulated release of vesicular ATP and subsequent activation of P2X receptors. Exocytosis of ATP was stimulated by Ca 2ϩ influx either through voltage-dependent calcium channels (VDCCs) or by ionomycin-mediated transport. Release could be inhibited by a botulinum neurotoxin known to interrupt vesicular exocytosis and was facilitated by a phorbol ester known to facilitate neurotransmitter release. The ionic nature of the events and their sensitivity to PPADS indicate activation of P2X receptors.
Characteristic of ATP-gated nonselective cation channels, the inward currents were Na ϩ dependent, inwardly rectifying, and reversed near 0 mV. This is consistent with previously published observations documenting P2X receptor activation following exogenous application of ATP (29, 34, 46) . The noncompetitive P2X receptor antagonist PPADS completely eliminated ASTIC activity following either stimulation protocol. The ganglionic nicotinic antagonist hexamethonium had no effect. The dissociated stellate neurons were also responsive to exogenous application of ATP, which was blocked by PPADS. The nonhydrolyzable ATP analogs, ␣,␤-meATP and ATP-␥-S, also effectively evoked responses. ASTIC kinetics were similar to ATP-mediated excitatory postsynaptic currents (EPSCs) recorded in native tissue. In slice preparations of the medial habenula nucleus, ATP-mediated EPSCs had fast rise times (often Ͻ2 ms), and had an exponential decay with a time constant of ϳ17 ms (15) . The ASTICs reported here had a rise time of ϳ4 ms, and decayed exponentially with a time constant of ϳ17 ms. In contrast, ATP-mediated currents recorded in cultured clusters of PC12 cells, which lacked synaptic specialization, had slower rise times (ϳ9 ms, measured between 10 -90% of the rising time course) and decayed more slowly, with a time constant equal to ϳ30 ms (19) . The ASTIC time course is also considerably faster than ATP-mediated transient inward currents recorded from dissociated rat chromaffin cells with heterologously expressed P2X receptors (25) .
ASTICs appeared to be mediated by an autocrine signaling pathway with ATP release and P2X receptor activation occurring at the same cell. Events were stimulated and recorded with a single patch electrode from single isolated neurons without visibly attached support cells. Processes were also not evident between cells. Whereas cultured neurons have been demonstrated to form synapses on their own processes or cell bodies, giving rise to "autaptic" connections (2, 21) , the presence of a "synaptic-like" connection is not required for neurotransmitter release. Exocytosis may also occur from neuronal cell bodies (42, 54, 57) . Additional ultrastructural analysis is needed to describe the morphological correlates mediating ATP release in the stellate neurons.
ATP has previously been shown to mediate fast excitatory postsynaptic potentials (EPSPs) at P2X receptors with a similar time course to the fast EPSPs evoked by acetylcholine, 5-HT, or glutamate (17, 22) . Consistent with its activity as a rapid neurotransmitter, ATP is thought to be contained in synaptic vesicles at nerve terminals, where it is released following action potential-evoked Ca 2ϩ influx (11, 32, 49, 52) . In support of this notion, discrete events correlating with the quantized release of ATP have been recorded from the vas deferens (4, 32) .
The characteristics of ASTICs recorded in the stellate neurons are consistent with an exocytotic release mechanism. Ca 2ϩ influx is a prerequisite for vesicular release of neurotransmitter substances (1). ASTIC activity was Ca 2ϩ dependent. Blockade of VDCCs with Cd 2ϩ prevented both the depolarization-induced macroscopic Ca 2ϩ (or Ba 2ϩ ) current and activation of the transient inward currents. During ionomycin treatment, ASTIC frequency increased after raising the concentration of extracellular Ca 2ϩ and was inhibited by omitting external Ca 2ϩ . The inhibition of ASTICs by BoNT/E also supports the notion of an exocytotic release mechanism. BoNT/E is a zinc metalloendoprotease specific for the synaptosome-associated protein of 25 kDa (SNAP-25) (8). SNAP-25 is an essential constituent of the protein complex (termed the SNARE or core complex) mediating synaptic vesicle exocytosis (44) . Treatment of the stellate neurons with BoTN/E resulted in a near complete block of the ionomycin-induced ASTICs after 35 min. The rundown of ASTIC activity observed in the control cells could be attributed to either the washout of intracellular molecules by the whole-cell solution or residual tryptic activity. Despite the observed rundown, the BoNT/E effect was significant. These results are consistent with recently published results demonstrating that botulinum neurotoxin A, which also cleaves SNAP-25, reduces ATP overflow from sympathetic nerves following field stimulation of isolated canine mesenteric arteries (50) .
Neurotransmitter release is a precisely regulated process which can be modulated by intracellular signaling molecules. The second messenger diacylglycerol (DAG) is involved in this regulation. DAG is produced following activation of G protein-coupled receptors. Experiments with phorbol esters, functional analogs to DAG, demonstrate a positive role for these compounds in the regulation of synaptic transmission (37, 45) . This effect is attributable to activation of protein kinase C and/or interaction with the synaptic protein munc-13, actions proposed to increase the readily releasable pool and the Ca 2ϩ sensitivity of the fusion machinery (7, 43, 45, 51, 56) . This is the first report that the phorbol ester PMA can enhance the release of ATP from sympathetic neurons. The effect of PMA on ASTIC frequency occurred independently of an effect on ASTIC amplitude. This observation supports the notion that ATP release from the dissociated stellate neurons is a competent release mechanism susceptible to regulation by intracellular factors.
The importance of ATP as a neurotransmitter is demonstrated by its involvement in multiple processes throughout the nervous system including modulation of long-term potentiation, pain transduction, bladder control, modulation of vascular tone, and control of the gastrointestinal system (18, 20, 23, 27, 41) . The mechanisms regulating ATP release have been poorly studied. This is due, in part, to the lack of appropriate cellular models that allow for the degree of experimental control necessary to study these mechanisms. Here we demonstrate that ATP release can be readily observed from dissociated sympathetic neurons. This preparation allows for controlled manipulation of the intra-and extracellular environment, making it a good system in future studies to further elucidate mechanisms regulating ATP release.
